The pressure resistances of the spores of six Bacillus strains were examined at 5 to 10؇C and were compared with their heat resistances. The pressure treatments (at 981 MPa for 40 min and at 588 MPa for 120 min) did not inactivate the spores of B. stearothermophilus IAM12043, B. subtilis IAM12118, and B. licheniformis IAM13417. However, these spores had large differences in heat resistance. The spores of B. megaterium IAM1166 were 9.3 times more pressure resistant but 246 times less heat resistant than those of B. stearothermophilus IAM11001. The spores of B. coagulans IAM1194 were activated by the pressure treatments. There was no correlation between these pressure and heat resistances.
The effects of high-pressure treatments on the destruction of microorganisms were reported nearly 100 years ago (12) . It was realized quite early that bacterial spores are strongly resistant to pressure treatment (9) . Recently, however, applications of high hydrostatic pressure in food sterilization and processing in Japan have been a central issue of research and development (5, 6) .
In addition, practical methods for heat sterilization of lowacid foods were established approximately 50 years ago (7) . Therefore, if the relationship between heat and pressure resistances of bacterial spores can clearly be made to be correlated in some way, a pressure treatment condition could perhaps be converted into a heat sterilization condition.
To investigate this possibility, in this study we examined the heat and pressure resistances of spores of six strains of the genus Bacillus and compared the pressure resistances with the corresponding heat resistances.
Bacterial strains and culture conditions. The six strains of the genus Bacillus used in this study were obtained from the Institute of Applied Microbiology, University of Tokyo, Tokyo, Japan. The six strains were B. stearothermophilus IAM12043, B. stearothermophilus IAM11001, B. coagulans IAM1194, B. subtilis IAM12118, B. licheniformis IAM13417, and B. megaterium IAM1166. The two strains of B. stearothermophilus and the other four strains were grown on nutrient agar (Difco, Detroit, Mich.) at 55 and 35ЊC, respectively, for incubation and sporulation.
Preparation of spore suspensions. For sporulation, all strains were grown on 200 ml of nutrient agar in a culture flask. Spores were harvested after 3 days of incubation with a sterile wire loop, suspended in 100 ml of sterile distilled water, and washed three times with 100 ml of sterile distilled water. The spores were suspended again in 100 ml of sterile distilled water. The suspensions were filtered through sterile Toyo no. 2 filter paper to remove clots of spores. These procedures were carried out at 0 to 4ЊC. The filtrates were heated in a water bath for 30 min at 80ЊC to destroy any remaining vegetative cells. The spore suspensions obtained were stored in a refrigerator.
Determination of heat resistance. One-milliliter aliquots of the spore suspensions were introduced into sterile test tubes (7 by 105 mm), which were sealed by heat immediately. The sealed test tubes were immersed in an oil bath (model T-207A [temperature accuracy, Ϯ0.05ЊC]; Thomas Scientific Instruments Co., Ltd., Tokyo, Japan) at 85 to 115ЊC. Heat-resistant silicon oil (YE33-100; Toshiba Silicon Co., Ltd., Tokyo, Japan) was used as a heating oil. The test tubes were removed after each of the heating periods. These tubes were cooled in cold water and broken aseptically, and the numbers of survivors were determined by the pour-plate method with nutrient agar. Two test tubes were used for each heating condition. The two strains of B. stearothermophilus and the other four strains were then incubated for 3 days at 55ЊC and for 10 days at 35ЊC, respectively.
Determination of pressure resistance of the spores. Fourmilliliter aliquots of the spore suspensions were introduced into sterile retortable pouches (5 by 6 cm; nylon-cast polypropylene; Sanei Chemical Industry Co., Ltd., Tokyo, Japan). The pouches were heat sealed with thermowelding tongs (Polysealer PS310E; Fuji Impulse Co., Ltd., Osaka, Japan), with care taken to avoid enclosure of air bubbles. The pouches were pressurized in approximately 10% antifreeze solution (LongLife Coolant KH-102; Furukawa Chemical Industries Co., Ltd., Saitama, Japan) by a cold isostatic pressing instrument (MCT-150; Mitsubishi Heavy Industries Co., Ltd., Tokyo, Japan) at 5 to 10ЊC. Two pressure treatment protocols were carried out. First, the pouches were pressurized at 196, 392, 588, 785, and 981 MPa for 40 min. Second, the pouches were pressurized at 588 MPa for 20, 40, 60, 80, 100, and 120 min. It took 2 to 5 min to reach each pressure and 2 min to decompress to atmospheric pressure. For each pressure period (in minutes), the times required for pressurizing and decompressing were not included. The pouches were decompressed and cut aseptically with sterilized scissors, and the numbers of survivors were determined by the pour-plate method with nutrient agar. Two pouches were used for each pressure condition. The two strains of B. stearothermophilus and the other four strains were then incubated for 3 days at 55ЊC and for 10 days at 35ЊC, respectively.
Heat resistance of the spores of the six Bacillus strains. The decimal reduction times (D values) at three proper heating temperatures at intervals of 5ЊC for spores of each strain were obtained from survivor curves at the three heating temperatures. D values at three heating temperatures of the spores of the six Bacillus strains are shown in Table 1 . In Table 1 , the six strains are listed in order of heat resistance. Spores of B. stearothermophilus IAM12043 and B. megaterium IAM1166 showed the highest and the lowest heat resistances of the six strains, respectively. D values were plotted as shown in Fig. 1 . The regression lines in the figure were made by the least-squares method. The intervals in temperature (z values) required for the lines to pass through one logarithmic cycle in Fig. 1 are also shown in Table 1 . z values ranged from 7.2 to 10.7ЊC. To compare the heat resistances of the six Bacillus strains, D values at 100ЊC (D 100 ) for the six strains were calculated from the regression lines in Fig. 1 . (8) .
Pressure resistance of the spores of the six Bacillus strains. As shown in Fig. 2, when Fig. 2A, D, and E) . However, the numbers of surviving spores of B. stearothermophilus IAM11001 and B. megaterium IAM1166 did decrease with the elevation of pressure ( Fig. 2B and F) . The straight lines in Fig. 2B and F are the regression lines made by the least-squares method. PD 40 min values (where PD 40 min is defined as the elevation of pressure required to decrease the number of surviving spores to 1/10 when the spores are pressurized for 40 min) for the spores of B. stearothermophilus IAM11001 and B. megaterium IAM1166 were estimated to be 769 and 7,143 MPa, respectively. On the other hand, the spores of B. coagulans IAM1194 showed that they were activated with the elevation of pressure (Fig. 2C) . In addition, it seems that the activation was enhanced as the pressure was increased.
As shown in Fig. 3 , when spores of the six Bacillus strains were pressurized at 588 MPa for 20, 40, 60, 80, 100, and 120 min, the numbers of surviving spores of B. stearothermophilus IAM12043, B. subtilis IAM12118, and B. licheniformis IAM13417 did not change with the lapse of time at 588 MPa, even for as long as 120 min (Fig. 3A, D, and E) . However, the numbers of surviving spores of B. stearothermophilus IAM11001 and B. megaterium IAM1166 did decrease with the lapse of time (Fig. 3B and F) . The straight lines in Fig. 3B and F are the regression lines made by the least-squares method. PD 588 MPa values (where PD 588 MPa is defined as the time [in minutes] required to decrease the number of spores to 1/10 when the spores are pressurized at 588 MPa) for the spores of B. stearothermophilus IAM11001 and B. megaterium IAM1166 were estimated to be 91 and 313 min, respectively. On the other hand, the spores of B. coagulans IAM1194 also showed that they were activated under all the pressure treatments (Fig.  3C) .
Comparison of heat and pressure resistances of spores of the six Bacillus strains. The pressure resistances are summarized in Table 3 . As shown in Table 3 , spores of all of the strains showed the same reactions to the two pressure treat- (Table 3) . In other words, these spores were resistant to very high pressure. However, the spores of B. subtilis IAM12118 showed the lowest heat resistance (D 100 ϭ 0.85 min) of the three strains ( Table 2 ). The spores of B. licheniformis IAM13417 and B. stearothermophilus IAM12043 were 1.2 and 399 times more heat resistant than those of B. subtilis IAM12118, respectively. Thus, within the three most pressure-resistant strains, there was a large difference in heat resistance. Moreover, spores of B. megaterium IAM1166 were 9.3 and 3.4 times more pressure resistant as measured by PD 40 min and PD 588 MPa , respectively, than those of B. stearothermophilus IAM11001 (Table 3) ; conversely, the spores of B. stearothermophilus IAM11001 were 246 times more heat resistant than those of B. megaterium IAM1166 (Table 2) .
A completely different reaction to pressure was observed for both pressure treatments of the spores of B. coagulans IAM1194 (Table 3) . These spores showed a kind of pressure activation similar to the heat activation of spores reported previously (2, 10) .
In the present study, since the spores were pressurized at 5 to 10ЊC, the pressure resistances of the spores shown could be considered to be basic ones without the influence of germination of spores as reported previously (1, 3, 11) . Thus, comparison of the basic pressure resistances (PD 40 min and PD 588 MPa ) ( Table 3) with D values for heat (Table 2) shows that there is no actual correlation between the pressure and heat resistances. Therefore, no condition of pressure treatment could be converted into a heat sterilization condition.
Possibility of pressure sterilization of low-acid foods. These results suggest that there is no possibility of pressure sterilization of low-acid foods at low temperatures. It seems that only one remaining possibility of pressure sterilization of low-acid foods might be found, i.e., inactivation caused by pressure at high temperatures, as reported previously (1, 3, 6, 11) . However, Sale et al. (11) reported that, although pressure induces germination at high temperatures, evidently not all of the germinated spores are inactivated by pressure. We also point out that not all of the spores germinate at high pressures and high temperatures at the same time, as shown in intermittent heating, called Tyndallization (4) . Therefore, we suggest that pressure sterilization of low-acid foods, even at high temperatures, is inherently unreliable. 
